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Intermediate ﬁlaments (IFs), important components of the cytoskeleton, provide a versatile, tunable
network of self-assembled proteins. IF proteins contain three distinct domains: an a-helical struc-
tured rod domain, ﬂanked by intrinsically disordered head and tail domains. Recent studies demon-
strated the functional importance of the disordered domains, which differ in length and amino-acid
sequence among the 70 different human IF genes. Here, we investigate the biophysical properties of
the disordered domains, and review recent ﬁndings on the interactions between them. Our analysis
highlights key components governing IF functional roles in the cytoskeleton, where the intrinsically
disordered domains dictate protein–protein interactions, supramolecular assembly, and
macro-scale order.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The cytoskeleton of animal eukaryotes is composed of three
principal components. Two, microﬁlaments (composed of actin
subunits) and microtubules (composed of tubulin subunits), are
well-characterized. The third cytoskeletal component, intermedi-
ate ﬁlaments (IFs), is found in cells of multicellular animal species.
IF diameter is approximately 10 nm, intermediate in size between
actin microﬁlaments and microtubules. Originally thought to be
mechanical scaffolds that maintain the structural and mechanical
integrity of cells and tissues, IFs were later found to participate
in many important physiological functions, such as distribution
of organelles, signal transduction, cell polarity and gene regulation
[1–4]. Changes in IF expression have been correlated with various
diseases, including cancer progression and acquisition of a meta-
static phenotype [5–11].
Human IF proteins are encoded by 70 genes [12]. IFs are differ-
entially expressed during embryonic development, and display
cell- and tissue speciﬁcity upon maturation, indicating their dis-
tinct functions (Fig. 1A) [13,14]. Unlike actin and tubulin isoforms,
IF proteins are highly divergent in sequence, and vary greatly in
molecular weight.
Below, we review IF classiﬁcation, as evidenced by their differ-
ential expression and self-assembly properties. We will focus onthe structural–functional signiﬁcance of the IF intrinsically disor-
dered regions (IDRs). To assess the physical properties of the
IDRs, we will brieﬂy introduce the theoretical realization of IFs as
interacting bottlebrushes. We utilize sequence analysis to charac-
terize the IDRs and ﬁnd unifying properties of the tail and head
domains. We review recent in vitro experiments which demon-
strate the universal physical properties and their role as mediators
for IF inter- and intra-ﬁlament interactions. We will conclude with
future directions and open questions in the ﬁeld.
1.1. Intermediate ﬁlament classiﬁcation
IFs are classiﬁed into six types, based on their sequence similar-
ities (Fig. 1A) [14–16]. The largest group consists of the type I
(acidic) and type II (basic) keratins, which include 54 subunits of
obligate heteropolymers that are typically expressed in epithelial
cells [17,18]. Keratin ﬁlaments are composed of speciﬁc combina-
tions of type I and type II keratins in a 1:1 ratio, and are both
tissue- and cell-speciﬁc [16,19]. Keratins can be further subdivided
into two clusters: seventeen proteins are found in ‘‘hard’’ epithelial
tissues such as nails and hair, while the remaining 37 proteins are
more often found in epithelial tissues.
Type III IFs include the proteins vimentin, desmin, glial ﬁbrillary
acidic protein (GFAP), and peripherin. Type III proteins can form
homopolymeric as well as heteropolymeric IFs, in combination
with other type III or type IV proteins. The most widely distributed
IF protein is vimentin, which is typically expressed in leukocytes,
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Fig. 1. (A) Distribution of IF proteins in the human body. IF proteins include six types; most of them are expressed in the cytoplasm and are tissue-speciﬁc. Lamins (type V)
are the only IF found in the nucleus of most mammalian cells. The complexity and cell-speciﬁc expression of IFs are demonstrated in the intestine, which expresses keratins
(epithelial layer), vimentin (vasculature), desmin (smooth muscle layer) and neuronal IFs (nervous system of the gastrointestinal tract, not shown). For other tissues and
organs, representative major IFs are listed. Not all tissues are displayed, and the complex IF tissue expression proﬁle is not fully demonstrated. The ﬁgure is adapted with
permission from Toivola et al. [4]. (B) Schematic bottlebrush architecture of an IF assembled from subunit proteins composed of intrinsically disordered head and tail domains
ﬂanking an a-helical rod domain.
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mal cells such as ﬁbroblasts [20,21]. Other type III proteins have a
more limited distribution: desmin ﬁlaments, for example, are
found in muscle cells, and are responsible for stabilizing sarcom-
eres in contracting muscle. GFAP forms ﬁlaments in glial cells that
surround neurons, and in astrocytes. Peripherin is found in neurons
of the peripheral nervous system, as well as in neurons of the cen-
tral nervous system that project toward peripheral structures, such
as spinal motor neurons [22].
The neuroﬁlament (NF) triplet subunits NF-L, NF-M and NF-H,
together with a-internexin (a-Inx), nestin, synemin and syncoilin,
comprise the fourth type of IF proteins. The NF triplet and a-Inx
are expressed in most neurons, although in different stoichiome-
tries and expression levels during development [23–25]. Nestin is
expressed primarily in dividing precursor cells of developing and
regenerating tissues [26]. The two synemin isoforms are found in
muscle cells, where they co-assemble with desmin into
heteropolymeric IFs [27]. Syncoilin is mostly expressed in skeletal
and cardiac muscle [28,29], where it links the extracellular matrix
and the cytoskeleton.
Type V proteins, known as lamins, are found exclusively in cell
nuclei, where they form a network that supports the nuclear mem-
brane [14]. The sixth type bears little resemblance to other IF pro-
teins. Members of this class are two lens-speciﬁc proteins that
form beaded ﬁlaments: beaded ﬁlament structural protein 1
(Bfsp1; also known as ﬁlensin), and Bfsp2, also known as phakinin
and CP49 [30].1.2. From molecular structure to self-assembled supramolecular
bottlebrushes
All IF proteins share a common tripartite structure consisting of
a central a-helical rod domain, and disordered N-terminal head
and C-terminal tail domains. The size and sequence of the rod
domain is conserved among all IFs except for lamins, in which it
is slightly longer [31]. Within the rod domain, amino acids are
organized in heptad repeats, with every ﬁrst and fourth amino acid
being hydrophobic. This order drives the association of like mole-
cules into coiled coil dimers [14].
Structural differences in the organization of the rod domain give
rise to three distinct assembly groups: keratins (type I and type II IF
proteins) constitute assembly group 1, forming obligate heterodi-
mers composed of one acidic (type I) and one basic (type II) ker-
atin. Type III and type IV IF proteins constitute assembly group 2.
Here, some members are able to form homodimers, while others
require speciﬁc partners for dimerization. Lamins (type V) consti-
tute assembly group 3. Members from different assembly groups
cannot co-assemble into IFs; rather, they completely segregate into
distinct networks, even within the same cell [1].
While the conserved and ordered rod domains interact with
each other to form the core of the ﬁlament, the head and tail
domains are responsible for ﬁlament assembly and network orga-
nization. Importantly, both head and tail domains of most IF pro-
teins are unstructured [32], except for lamin A/C tails which form
an immunoglobulin-like fold [33]. The head and tail domains are
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therefore thought to be responsible for their cell-speciﬁc functions
[34,35]. The size of the head domain can be as long as 197 amino
acids, as in keratin 3 (K3). In contrast, the nestin head domain is
unusually short, with only 7 amino acids. Tail domains can be as
short as 13 amino acids, as in K19, or as long as 1,308 amino acids,
as in nestin [14]. NF-M and NF-H have long tails, with highly
charged domains and multiple phosphorylation sites. Both are
heteropolymers, which must form dimers with a short-tailed part-
ner such as NF-L, a-Inx, or peripherin [22,36,37].
IF dimers constitute the basic building blocks of ﬁlament
assembly. Most IF proteins follow a similar assembly pathway,
with few known exceptions such as types V and VI. The common
pathway begins with two dimers coiling in an anti-parallel fashion
to form half-staggered tetramers. The assembly process itself con-
sists of three major steps. First, about eight tetramers associate lat-
erally to form unit-length ﬁlaments (ULFs) approximately 16 nm in
diameter, and 58 nm long. Second, ULFs associate longitudinally
into loose ﬁlaments, which are hundreds of nm-long. Finally,
immature loose ﬁlaments undergo radial compaction [38,39], thus
reducing their diameter to approximately 10 nm. Elongation fur-
ther proceeds by end-to-end association of ﬁlaments. The tails
extend radially from the ﬁlament backbone, resulting in the IFs’
typical bottlebrush architecture (Fig. 1B) [40]. The head domain
of IF proteins is essential for the formation of tetramers and further
ﬁlament assembly steps, as ‘‘headless’’ IF proteins do not assemble
beyond the coiled-coil stage [41,42]. The absence of a regular head
domain, as occurs in the case of nestin, suggests that it requires a
headed partner, such as vimentin, in order to be incorporated into
an IF [14]. Head-truncated vimentin [43] cannot assemble into
mature IFs, probably because its head domains interact with the
rods of adjacent tetramers [41]. Similar roles of the head domain
have been demonstrated for keratins [44] and NFs [45,46].1.3. Post-translational modiﬁcations and the functional roles of
disordered domains
The IFs assembly process, as well as their functions, are tightly
regulated by post-translational modiﬁcations (PTM). Several PTM
sites, particularly those involving phosphorylation and glycosyla-
tion but also some less characterized modiﬁcations such as sumoy-
lation and acetylation [39,47–49], have been identiﬁed. The most
signiﬁcant and best-studied modiﬁcation is phosphorylation,
which regulates IF assembly [5,50–52]. Aberrantly modiﬁed IF pro-
teins are associated with several diseases, such as myopathies
[53,54], liver ailments [55,56], and neurodegenerative diseases
[57–60]. Phosphorylation sites within the intrinsically disordered
head domain are associated with regulation of early steps of ﬁla-
ment assembly; i.e., the formation of tetramers and ULFs. This
has been demonstrated in several IFs, including vimentin
[45,61,62], peripherin [63,64], and neuroﬁlaments [65–76].
Tail domain phosphorylation regulates advanced stages of IF
network formation, such as cross-bridging between adjacent
ﬁlaments and the lateral extension of the tails away from the ﬁla-
ment core [51]. Tail domain phosphorylation has been widely
investigated in NFs, which are heavily phosphorylated on serine
residues of multiple Lys-Ser-Pro (KSP) repeats. Given the additional
2e charge of the phosphate group, these modiﬁcations
dramatically alter the overall charge of the tails [77–79].
Hyperphosphorylation of the tail domain of NF-M leads to its abnor-
mal accumulation, as observed in the brains of Alzheimer’s disease
model rats and amyotrophic lateral sclerosis (ALS) patients [80,81].
Similarly, the tail domains of keratins also contain several phospho-
rylation sites that inﬂuence keratin network organization [82]. A
point mutation in K8, in close proximity to the phosphorylationsite, has been shown to induce keratin network reorganization
and, as a result, enhanced cancer cell migration [83,84].
Beyond their role as substrates for post-translational modiﬁca-
tions, tail IDRs participate in IF network organization, through
interactions with cytoskeletal elements and additional organelles.
The following examples serve to illustrate the tail’s functional sig-
niﬁcance and modularity, typical for intrinsically disordered pro-
teins and domains [85].
The vimentin tail domain contains a conserved b-turn motif in
close proximity to tail phosphorylation sites [86,87], suggesting
that the phosphorylated residues may be involved in regulating
IF supramolecular organization [61]. In addition, the vimentin tail
is thought to interact with the actin cytoskeleton [88,89]. This
same domain has also been implicated in interactions with nuclear
lamin B [90,91]. Interestingly, a recent study demonstrated that
the vimentin tail also contains ‘‘points of order’’, which undergo
structural changes upon assembly of vimentin ﬁlaments [92]. It
has been long postulated that the tails of type III IFs
self-associate during late stages of ﬁlament assembly, possibly to
maintain IF network architecture, prevent ﬁlament bundling, and
regulate their thickness. A conserved motif consisting of the epsi-
lon and beta sites within the tails of type III IF is thought to account
for the tails’ self-association [93]. A number of known desmin
mutations are located in this conserved site [94–97], and are sus-
pected of involvement in various myopathies [98,99].
The exceptionally long synemin tail contains binding sites for
actin-associated adhesion plaque proteins [100], hence likely plays
a role in integrin-mediated linkages to the substratum, such as
focal adhesions. It also contains binding sites for the myoﬁbrillar
Z-line protein a-actinin and the costameric protein vinculin, indi-
cating that the synemin tail domain is responsible for anchoring
the cytoplasmic IF network to myoﬁbrillar Z-lines and costameres
in muscle cells [101].
The tail domain of K14 contributes to the ability of K5-K14 ﬁl-
aments to self-organize into bundles with enhanced mechanical
elasticity [102]. K19 bears an extremely short tail domain, a char-
acteristic that partly dictates the ‘‘stickiness’’ of the ﬁlaments it
forms, for example when co-expressing with K5 [103], as occurs
in a subset of progenitor basal cells in the skin [104]. Mutations
within keratin tails further demonstrate the role of intact keratins
in the ﬁlaments’ supramolecular organization [105,106].
On the macro scale, NFs align within long myelinated axons
[107]. Such organization requires a high degree of coordination
between the ﬁlaments, which is mediated by the NF tails.
Remarkably, the tail domain of NF-M affects axonal caliber, regard-
less of its phosphorylation state [108,109].
1.4. Theoretical modeling of polymer brushes
The ﬂexible and intrinsically disordered C-terminal tails radiat-
ing from the ﬁlament backbone give rise to IFs’ known ‘‘bottle-
brush’’ architecture (Fig. 1B). Similar polymer brush geometries
appear in living organisms and in biotechnological and synthetic
applications, and are therefore a major focus of biological, chemical
and physical research [110–114]. The common denominator in all
brush systems is that grafted polymers alter the supported sur-
face’s interactions and reactivity with its surroundings. In attempt
to understand this ubiquitous geometry, several theoretical and
computational models have been proposed over the years in the
polymer-physics community. It is therefore instructive to review
these physical models, and their predictions. Nevertheless, in many
cases, even contemporary polymer-brush models suffer from over-
simpliﬁcation of the complicated physical nature of IDPs, and these
cases will also be highlighted.
In essence, a polymer brush system is composed of grafted
polymers on a substrate. The parameters of interest in all
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grafting density (r) on the surface. Given these parameters, the
various theories attempt to resolve the polymers’ effective height
(H), and the nature of interaction between two grafted surfaces
when approaching one another. These quantities govern the major
structural and mechanical properties of the polymer brush and the
associated surface.
Most simplistic models employ scaling arguments, based on the
Flory theory, to describe the scaling behavior of the brushes [115].
The Flory theory treats polymers as Gaussian chains, devoid of any
secondary or higher structure, which makes its predictions rele-
vant to IDPs [116]. The Alexander-de Gennes (AdG) scaling model
[117,118] predicts a phase transition of polymer brush length in a
‘‘good solvent’’ (i.e., one that entails monomer–monomer repul-
sion) with increasing grafting density. The basic model considers
two limiting cases. The ﬁrst case applies to low grafting densities,
the so-called ‘‘mushroom regime’’ (Fig. 2A), where the distance
D = r1/2 between the anchoring points of neighboring grafted
polymers is greater than the radius of gyration (Rg) of the polymer
in free solution. Here, the brush layer height is comparable to the
radius of gyration H  Rg for a non-adsorbing surface. Since
Rg  Lv0 , with 0.5 < v < 0.6, the brush height scales sublinearly with
the polymer length. As grafting density increases, polymers stretch
out, and the brush height increases. This is known as the ‘‘brush
regime’’ (Fig. 2B). At very high grafting densities, r1/2 < Rg, for
self-avoiding chains, the brush layer height scales linearly with
the polymer length, H  L0wr1/3, where w is the excluded volume
parameter. In simple terms, the AdG model describes how densely
grafted polymers extend much further away from a surface than
sparsely grafted polymers.
Given the wide range in tail length (from 13 to 1308 amino
acids long; Table S3), applying this basic model to IF tails provides
an intuitive prediction of the tail conformation. About 16 IF tails
radiate from the ﬁlament backbone every 22 nm [119].A B
C D
“Brush” and “trufﬂe”“Brush” and “ﬂower”
“Brush”“Mushroom”
D
H
D<RgD>Rg
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Fig. 2. Schematic illustration of four bottlebrush conﬁgurations. For simplicity,
polymers in the illustration are end-grafted to a plane rather than a ﬁlament-like
cylinder. (A) In the ‘‘mushroom’’ regime tail height is comparable to the polymer
radius of gyration Rg in free solution. (B) Polymers stretch out in the ‘‘brush’’ regime,
and the brush height grows linearly with the polymer length. (C) Densely grafted
composite brushes can form two distinctive layers: an inner layer made of the
shorter polymers and an outer layer consisting the ﬂower-like tips of the longer
polymers. (D) Strong internal interactions within the brush, or with an opposite
brush, may cause the longer polymers to ‘‘hide’’ inside the inner layer.Therefore, the average grafting density is r  0.023 nm2 or
D  6.6 nm, the average distance between two tails. Having a gen-
eral experimental Rg approximation for disordered proteins in
solution [120–122], we ﬁnd that IF proteins with disordered tails
400 amino acids long will lie at the boundary between brush
and mushroom conﬁgurations. Remarkably, this threshold value
places most of the IFs in the mushroom regime, except for type
IV NF-M, NF-H, nestin, and synemin (Table S3). However, a fact
commonly overlooked in IF brush models is that IF tails are not
evenly distributed along the backbone. In effect, there are two
well-separated length scales: Dr ﬃ 2 nm, the distance between
two tails along the circumference, and D|| ﬃ 22 nm, the distance
between two planes of radiating tails. While the ﬁrst falls within
the brush regime of most tails (those longer than 60 amino acids;
Table S3), the latter encompasses a larger space, within which the
tails can reside without interacting with each other.
Subsequent studies have applied the AdG model determine
whether the scaling of the brush height is dependent on additional
variables [123]. Among the variables examined were
polymer-brush charge, surface geometry, and solvent properties
(i.e. ionic strength, polarity, and pH). Using this analytical
approach, an unusually rich phase behavior of charged polymer
brushes has been uncovered [124,125]. Its predictions were subse-
quently veriﬁed by multiple experimental studies, including some
involving plane-grafted NF-H tails, and vimentin [123,126,127].
Additional complexity is added in instances of composite (i.e.,
heteropolymer) IFs containing more than one type of subunit pro-
tein within the same ﬁlament. For example, NFs consist of up to
four different proteins within a single ﬁlament [22,25]. According
to models of composite brushes combining short and long poly-
mers, as in the NF case, two distinct layers are formed [128,129].
The inner layer is predicted to have a brush-like packed region,
composed of the short polymers and the grafted ends of the longer
polymers, while the outer layer is thought to be composed of long
chain tips with a nearly Gaussian chain distribution. This two-layer
conﬁguration is termed the ‘‘ﬂower conformation’’ (Fig. 2C), in
which the stretched grafted end forms the ‘‘stem’’ of the
ﬂower-like tip [129–131]. Alternatively, strong surface or adjacent
polymer attractions may prevent the formation of the outer
‘‘ﬂower’’ corona and will result with preferable collapsed conﬁgu-
ration, termed ‘‘trufﬂe conformation’’ [132] (Fig. 2D).
In and of itself, the Flory theory cannot provide the accurate
numerical pre-factors necessary for the calculation of brush height
and crossover boundaries between the predicted phases. It also
ignores the internal organization of the brush, which may signiﬁ-
cantly affect brush conformation [133–135]. Moreover, its imple-
mentation by AdG to polymer brushes treats the polymer density
proﬁle as a step-like function, a non-ideal approximation [136].
Last, we note that a recent experimental study relating polymer
size to polymer length on a set of intrinsically disordered proteins
(IDPs) found that Rg  Lv0 with v = 0.522 in free solution [122]. This
result is surprising, since it deviates from the theoretical exponent
derived by Flory (v = 0.6) [115] and more sophisticated methods
(v = 0.588) [137] which were veriﬁed experimentally on different
subsets of proteins [120,121] and synthetic polymers [138]. The
discrepancy was discussed by the authors [122], who suggested
that the Flory power laws which hold for denatured proteins are
actually not appropriate for IDPs.
Numerical calculations of brush conformation are performed by
the Scheutjens-Fleer lattice version of the self-consistent ﬁeld the-
ory (SCFT) [139]. SCFT application to NF bottlebrushes was pio-
neered by Zhulina and Leermakers [114], and allowed for single
amino acid resolution in its calculations. These studies predict a
dominant role for NF-M in determining both inter-ﬁlament spac-
ing, and non-speciﬁc attraction between adjacent ﬁlaments
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units regulates the extension of NF-H and NF-M, NF network com-
pressibility, and the frequency of tail-to-tail cross-bridges [131].
Even more detailed molecular information on NF brush organi-
zation has been provided by recent molecular dynamics (MD) and
Monte Carlo (MC) simulations. For example, MC and MD simula-
tions showed metastable tail conformations with tails folding back
on themselves and forming loops [133,135,140]. A different MC
simulation examined the interactions of two opposing ﬁlaments,
and showed that at physiological salt concentrations, tails from
opposing ﬁlaments exhibit coiled conformations, with increasing
overlap upon compression [141].2. Order and disorder of IF terminals
In this section, we evaluate the intrinsically disordered content
and solvent accessibility of IF protein heads (N-termini) and tails
(C-termini), using two predictor methods. The ﬁrst method entails
an analysis of the average hydrophobicity and net charge of a given
sequence [142]. The second combines the ACCpro5 solvent accessi-
bility predictor [143], with the disorder and secondary structure
predictors of DISOPRED3/PSIPRED [144,145].
2.1. Charge–hydrophobicity plot
Experimental evidence established that a combination of high
net charge with low average hydrophobicity is a prerequisite of
disorder [142]. The charge–hydrophobicity phase space separating
ordered and disordered amino acid sequences is deﬁned by the
phenomenological boundary relation between the average
hydrophobicity h|H|i and normalized mean charge h|q|i:
hjqji ¼ 2:785hjHji  1:151 ð1Þ
In Fig. 3 we show the charge–hydrophobicity graphs of IF types
III, IV and VI (Fig. 3A) and keratins (Fig. 3B). Excluding keratins, all
IF tails are either in the disordered phase, found left of the solid
line, or at the boundary between the two phases. Upon phosphory-
lation, tails previously found at the boundary cross to the disor-
dered phase. Interestingly, a-Inx is the type IV tail located right
of the boundary between order and disorder. The charge–hy-
drophobicity plot of keratins (Fig. 3B), in particular type II, suggests
a propensity for order. The keratins within the region of the
disorder-predicted phase are mostly type I epithelial keratin tails,
excluding K15 and K24, as well as type II epithelial keratin tails
K77 and K80. In contrast, all other keratin tails are found in the
ordered phase. The hair keratin tails all lie within the
order-predicted phase of the charge–hydrophobicity plot, presum-
ably due to their high cysteine content [146]. However, while these
cysteine residues are highly hydrophobic, their role in keratin tails
is to form covalent cross-links [147], which do not necessarily pro-
mote secondary structure.
2.2. Sequence-based structural predictor algorithms
We can further explore the disorder and secondary structure
using DISOPRED3/PSIPRED [144,145], and the solvent accessibility
fraction, using ACCpro5 [143] for the head and tail domains.
Additional correlations between predictors and biophysical prop-
erties can be easily accessed using our custom-made software
(Supplementary Information). These analyses include any regions
larger than 15 amino acids for which the predictions are valid. In
addition, we exclude type V lamins from our analyses, as their
self-assembly signiﬁcantly differs from that of the other IF pro-
teins. We note that the algorithms are sequence-based, and do
not directly take into account the PTMs and, in particular, thephosphorylation state. However, this does not necessarily imply
that the predictions are more valid for the unmodiﬁed state, since
the machine-learning process is based on a repository of known
IDPs, which generally include PTMs [85]. Consequently, the algo-
rithm will consider potential phosphorylation sites, based on the
unknown phosphorylation states included in the IDP database. As
suggested by the charge–hydrophobicity plots, phosphorylation
may be involved in order–disorder transitions, and therefore the
phosphorylation state of IDPs in the database should be taken into
account.
Notably, the disorder score of all but one of the tail and head
regions are over 0.5, the disorder prediction threshold (Fig. 4A).
Only the short (20 amino acid-long) phakinin tail obtained a 0.2
score (Table S3), well below this threshold. This unequivocal result,
yielded by 130 out of the 131 regions examined, reveals that disor-
der is an essential feature of IF structure.
In contrast, the solvent-accessible fraction of IF IDRs ranges
from 0.1 to 0.95 (Fig. 4A; Tables S2, S3), indicating that some
IDRs are buried, while others are extensively solvated.
Remarkably, this ﬁnding splits the IDRs into two highly distinctive
groups, according to their sequence regions: buried heads, against
more solvated tails. Only two IDRs, type IV syncoilin and type VI
ﬁlensin heads, fail to fall within this classiﬁcation, which will be
discussed later.
Having divided the IDRs into two distinctive groups according
to region and solubility, we continue by comparing the solubility
and disorder traits of the different IF types within each group
(Fig. 4B). Reviewing the solvent-accessible fractions of the different
tail types provides some general hints as to the organization of the
different tails. Type IV tails, followed by type III tails are, on aver-
age, the most solvent accessible. Type IV tails are, on average, also
the most disordered (Fig. 4B). Interestingly, the two most
solvent-accessible tails of all IFs – type IV NF-M and NF-H – also
get the highest disorder scores (Table S3). Together with the unu-
sual tail length of type IV nestin, synemin, NF-M, and NF-H
(Table S3), brush theory would imply that these long, solvated
and disordered tails will expand farther away from the backbone
into solution. It further justiﬁes the ‘‘good solvent’’ approximation
used above. Their unusual tail expansion and exposed surfaces
should facilitate their interactions with the neighboring environ-
ment and, in particular, other cytoskeletal components. We note
that the 1265 amino acid-long synemin tail displays a signiﬁcantly
lower disorder score (0.8) and solvent accessibility fraction (0.65),
compared to the other type IV IFs, demonstrating that the speciﬁc
neuronal IF tail properties are not solely related to their length.
Classifying type I and type II tails according to their predicted
disorder and solvent accessibility properties is complicated by
their sub-classiﬁcation into epithelial and hair (i.e., ‘‘hard’’) ker-
atins. In general, type I tails are more solvent-accessible than type
II tails. Surprisingly, hair and epithelial keratin tails belonging to
the same type score similarly, implying that the cysteine fraction
is not correlated to solvent accessibility. In fact, a recent study on
disulﬁde-rich domains suggests that such domains are both disor-
dered and solvent-accessible at reducing conditions, in agreement
with several predictors [148]. This ﬁnding may explain the appar-
ent discrepancy between the charge–hydrophobicity prediction
(Fig. 3) and the structural predictor algorithms.
Disulﬁde bond formation in the rod domain of keratins has been
discussed in a number of studies [149,150]. We are not aware of
studies pertaining to speciﬁc, intra- or inter-ﬁlament, pairing of
disulﬁde bonds between keratin tails. If we assume that disulﬁde
bond formation in keratin tail cysteines lacks speciﬁcity, we might
expect a variety of stabilized yet disordered tail conformations; i.e.,
glassy IDRs, upon transition to oxidizing conditions.
Using the secondary structure predictor (PSIPRED), we ﬁnd that
several tails are predicted to have a signiﬁcant structured fraction.
A B
Fig. 3. Charge–hydrophobicity plot of IF tails. Charge and hydrophobicity were calculated either with (ﬁlled-in symbols) or without (open symbols) phosphorylation,
predicted from Uniprot database [202]. A normalized Kyte and Doolittle hydrophobicity scale [159] was adjusted for phosphorylated states by setting modiﬁed amino acids to
zero hydrophobicity. (A) Most type III, IV, & VI IFs are within the predicted disordered regime, while a large fraction of keratins (B) are predicted to be ordered. Separation of
ordered/disordered regimes (Eq. (1)) is denoted by a solid line.
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the disorder score. The only IF tails having non-negligible a-helical
predictions are the short 20 amino acid phakinin tail (0.7), and the
type IV NF-L tail (0.3). Many proteins are also predicted to have a
non-negligible b-sheet fraction. This fraction is higher than 0.2 in
most type I tails, and all type III tails (Table S3).
The secondary structure prediction of PSIPRED was
crossed-checked against the SSpro [143] a-helix and b-sheet pre-
dictions (Table S3). The two machine-learning predictors were
found to be in excellent agreement on all proteins, apart from
NF-L. The high DISOPRED3 disorder score attributed to NF-L
(0.92, ﬁfth highest score) suggests that the a-helical prediction
for the NF-L tail is questionable. As for the b-sheet prediction, it
might suggest that multiple potential hydrogen and electrostatic
binding sites are found within the tail region of these proteins.
Such domains can play a role in diversifying the tissue-speciﬁc
interactions, as suggested by a recent amino-acid analysis of ker-
atins [146].
In contrast to the divergent properties of the tail domain,
almost all head domains share a common degree of solvent acces-
sibility (62 out 64 heads score 0.1–0.24). This homogeneity is unal-
tered by the differences in head domain length (which ranges from
7 to 197 amino acids), mean charge, and standard-deviation charge
of group members (Table S2). Such traits suggest that IF proteinheads prefer a compact coiled conformation, and incorporation
into the ﬁlament body.
We ﬁnd two notable exceptions in which the disordered head
domains are solvent-accessible: type IV syncoilin and type VI ﬁlen-
sin (Fig. 4B and Table S2). Interestingly, their assembly may also
differ from that of the other cytoplasmic IF proteins. The syncoilin
head is 161 amino acid-long, which is unusually long compared to
its 24 amino acid-long tail (the second highest ratio seen in all IF
proteins). The long, unphosphorylated syncoilin head is highly neg-
atively charged (average 0.17), similar to the highly charged tails
of nestin and NF proteins. Tails of the latter group of proteins are
known to mediate inter-ﬁlament interactions [25,37,151–153].
Notably, we did not observe such ‘‘swapping’’ between the typical
physical properties of the head and tail IDRs in other proteins.
Nonetheless, it remains unclear whether syncoilin forms ﬁlaments
at all, or merely interacts with cellular ﬁlamentous structures
[154]. As for ﬁlensin, its co-assembly with phakinin forms unique
beaded ﬁlaments which do not ﬁt the common appearance of cyto-
plasmic IFs [155]. However, that may be related to the unusually
short rod size (280 amino acids) of type VI IF proteins.
Amino acid content analysis reveals an unusually high glycine
content in type II keratins. In fact, the glycine fraction, and not
number, scales linearly with keratin tail and head lengths
(Fig. S1). Such high content would promote structural ﬂexibility,
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have a role in enabling the formation of relatively uniform ﬁla-
ments, despite the varying head lengths. Moreover, a comprehen-
sive amino-acid analysis of keratin proteins found abundance of
cysteine in hair and nail keratins, and glycine in epidermal
keratins. With keratins being the main differentiating elasto-
mechanical components, the amino-acid content facilitates the
elasticity of epidermal tissue and rigidity of hair and nails [146].
To summarize our results so far, a comparison of the solvent
accessibility of the tail and head IDRs presented here supports
the notion that the tails are capable of mediating interactions
between the ﬁlaments and their surroundings, while the heads
are incorporated into the ﬁlament backbone [157,158]. This con-
clusion could not be derived by simpler hydrophobic scales
[159], which fail to classify the IDRs in terms of head and tail
regions (Tables S2 and S3). We ﬁnd that type IV tails yield both
unusually high disorder scores and solvent accessibility predic-
tions (Fig. 4). Sequence analyses also show that they are exception-
ally long, highly charged, and hydrophilic, in comparison to all
other IFs (Table S3). According to polymer brush theory, these
three sequence-related properties, in and of themselves, determine
the tail conformation. A coupling of the unique disorder predictor
and polymer theory considerations would suggest that type IV tails
are among the most stretched away from the backbone, which
would give rise to bottlebrush architecture.
3. Interactions of disordered tails
To isolate the physical interactions of the IF tails, we consider
experimental systems in which tail-mediated interactions can be
clearly identiﬁed. Given the overwhelming number of proteins
and organelles interacting with IFs [41,160,161], and their inter-
twined expression and regulation mechanisms in vivo, our discus-
sion is therefore limited to controlled in vitro conditions. Under
such conditions, direct tail interactions are more easily isolated
and quantiﬁed. We place special emphasis on the roles of the NF
tails, where the manifestations of tail interactions on the ﬁlament
network are most pronounced due to their tail length, solvent
accessibility, and multiple binding sites. A review including recent
in vivo advances in IF mechanics, without special reference to the
role of the proteins’ IDRs, is available elsewhere [162].3.1. Tail-to-tail inter-ﬁlament attractive and repulsive interactions
The tail-to-tail interactions of the intrinsically disordered NF
tails are the result of competing repulsive and attractive interac-
tions. Suggested repulsive forces include steric repulsion due to
tail-excluded volume, and screened electrostatics. The attractive
forces identiﬁed are short-range: hydrophobic interactions and
ionic cross-linking, whether mediated by multivalent ions or not.
The nature of the repulsive force observed between adjacent ﬁl-
aments is often debated. Some studies suggest that the excluded
volume interaction dictates inter-ﬁlament repulsion [151,163,
164]. Additional experimental evidence demonstrates the inﬂu-
ence of long-range electrostatic repulsion on the brush height;
i.e., the tail expansion from the ﬁlament surface. For example,
atomic force microscopy shows that the height of NF-H tails
end-grafted to a plane can decrease by tenfold at pH 2.4, by
increasing salt concentrations from 4 mM to 50 mM NaCl [126].
Small angle X-ray scattering (SAXS) of hydrogels composed of con-
densed NFs showed a similar, twofold decrease in inter-ﬁlament
spacing at pH 6.8, when increasing salt concentrations from
70 mM to 150 mM [37,165]. Polarizing microscopy imaging
demonstrated long-range orientational order (i.e., a nematic
liquid–crystalline phase) in NF hydrogel networks at high saltconcentrations [166]. Recent experiments on gold nanoparticles
densely grafted with NF-L tails demonstrated ion-speciﬁc stabiliza-
tion against aggregation, due to long-range electrostatic repulsion
of the tails [167].
Importantly, while one could naively expect charged polymers
to lessen in size with increasing monovalent salt concentrations,
as demonstrated in the aforementioned cases, theory would sug-
gest otherwise. The repulsive forces of charged tails display atypi-
cal behavior at low salt concentrations, known as the ‘‘osmotic
brush’’ regime in polymer physics [123,168]. At this regime, the
addition of salt to the solution results in an expansion of charged
brushes, which is caused by an increase in the ionic osmotic pres-
sure. However, at higher salt concentrations; i.e., in the ‘‘salted
brush’’ regime, the trend is reversed, and the charged brush height
decreases, with increasing salt concentrations. The transition
between the two regimes explains well the maximal brush height
measured for NF-H tails end-grafted to a plane [126].
In vivo, electrostatic interactions between NF tails can be mod-
iﬁed by PTMs. In particular, the phosphorylation of NF-M and NF-H
tails signiﬁcantly increases their tail charges, resulting in two
seemingly contradictory effects: long-range repulsion, coupled
with an increase in short-range attraction. The
phosphorylation-induced electrostatic repulsion stretches NF-H
and NF-M tails away from the ﬁlament backbone [169], and
increases the hydrodynamic radius of the NF-H tail in solution
[170]. Concomitantly, extensive phosphorylation induces a
short-range attraction promoting NF gelation, and an increase in
the hydrogel elastic modulus [171,172]. The cross-linking charac-
ter of the attractive interaction was veriﬁed by atomic force micro-
scopy pulling experiments of phosphorylated NF-H tails [170]; the
binding site, where the serine acid is phosphorylated, was identi-
ﬁed as the lysine–serine–proline repeat unit [172]. Remarkably,
the number of lysine–serine–proline repeats in NF-M tails is corre-
lated with the head-body length of a subset of mammals, perhaps
contributing to an increase in axonal caliber and nerve conduction
velocity as larger mammals evolved [173].
Nevertheless, phosphorylation is not a prerequisite for
short-range attractive interactions in either NF or IF tails. In NF
networks, multivalent ions are potent cross-linking agents of both
phosphorylated and non-phosphorylated NF tails. For example,
non-phosphorylated NF-L tails grafted to gold nanoparticles are
aggregated by mM concentrations of divalent MgCl2. The
MgCl2-induced aggregation cannot be explained by ionic screening
of the electrostatic repulsion, as it requires a monovalent concen-
tration of over 400 mM [167].
The capacity of divalent ions to form cross-links between IFs is
not limited to NFs. Divalent ion-induced cross-linking was
observed in vimentin [174–176], keratin [177] and NF hydrogels
[153,175], using rheometry and electron microscopy imaging.
Their attractive interaction was shown to be mediated by the
intrinsically disordered tail, resulting in either tail-to-tail or
tail-to-body interactions [102,174,178].
In the absence of both multivalent ions and phosphorylation,
vimentin, desmin [179,180] keratin [174,178], and NF ﬁlaments
[163] still exhibit measurable attractions. A simpliﬁed electrostatic
model was used to analyze the potential ionic binding sites found
on the NF tails, and their correlation with the inter-ﬁlament dis-
tance (Fig. 5A). The model considers oppositely charged patches
as candidates for inter-ﬁlament ionic bonds [37]. In particular, it
suggests that speciﬁc cross-linking is involved in the unusually
short spacing observed between composite ﬁlaments composed
of NF-M and NF-L proteins. A recent study, applying the same
model to composite networks of a-Inx and the NF triplet, demon-
strated a wider spacing is found between composite ﬁlaments
composed of NF-M and a-Inx proteins [181]. This trend is opposite
to the mean ﬁeld expectation, as a-Inx is both shorter, less charged
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Fig. 5. (A) Matrices depicting the Coulombic energy of ionic cross-linking amino acid segments of opposing NF-M tails [37]. The energy value at (x,y) represents the
Coulombic interaction of a 9-amino acid segment directed from the N-terminal to the C-terminal, surrounding the x’s amino acid of the tail with a segment of equal size,
oriented in the opposite direction, surrounding the y’s amino acid of the tail. Areas of negative energy imply attractive ionic binding sites. The two matrices presented,
depicting the interactions of either phosphorylated or unphosphorlyated NF-M, demonstrate the attractive–repulsive duality of phosphorylation interactions. (B) Rheological
measurement of wild-type and mutated desmin ﬁlament networks. Strain-stiffening behavior, characteristic of IF networks, is shown to be governed by a tail mutation, and to
disappear in tailless desmin (DesDTail) networks. Data for (B) is adapted with permission from Bär et al. [180].
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expected to increase the inter-ﬁlament spacing [131].
Another source of short-range attraction in IF tails is hydropho-
bicity, which was recently shown to affect tail-to-body interactions
in keratins [178]. However, the effect of hydrophobic interactions
on NF tails has yet to be determined. Although hydrophobic inter-
actions are routinely included in simulations and in the SCMF cal-
culations reviewed earlier [114,134], satisfactory experimental
data is still missing.
3.2. IF network strain stiffening and rupture
Many biopolymer gels exhibit strain stiffening; i.e., they stiffen
when strained, thus preventing large deformations which could
result in network disruption [182]. However, when the strain is
too large, the network indeed ruptures, and its mechanical
response weakens.
Strain stiffening is not commonly seen in synthetic gels, and is
much more pronounced in IFs than in the two other cytoskeletal
components, actin and microtubules [152,183]. IF network stiffen-
ing behavior is caused by the entropy loss associated with the
stretching of extended ﬁlaments in between cross-links in the
hydrogel network [175,184,185]. However, the ﬁlament strands
can be stretched only if the contact points are sufﬁciently strong.
Otherwise, the links would break, and the strands would equili-
brate and relax [178,186].
Although the identity of the sequence motifs responsible for the
strong contacts remain elusive, many are evidently located at the
tail region of IFs: strain stiffening is not observed in tailless
mutants of vimentin [174] and desmin [180] homo-polymer ﬁla-
ment network nor in keratin pairs, where one tail is natively short
or removed by mutation [103,178]. Despite the crucial role of IF
tails in network strain stiffening, it is both noteworthy and puz-
zling that the IF tail domain appears to have no inﬂuence on the
high plateau modulus values observed for K8/K18 [178], vimentin
[174], desmin [180], and K14 [103]. Nonetheless, this puzzling
observation might not apply to NFs, where digestion of the tails
inhibits gelation [187].
The signiﬁcance of the speciﬁc tail sequence is best illustrated
by selective single amino acid alterations to the desmin tail
(Fig. 5B). Single amino acid replacements sufﬁce to interfere with
the strain stiffening behavior of the desmin network, while induc-
ing only a mild effect on its elastic modulus and mesh size [180].
Hence, the tail inﬂuences the strength of the cross-links crucial
for IF network strain stiffening behavior.Accordingly, themultiple potential binding sites found on the NF
tails [37,170,172] may be responsible for the exceptional stiffening
behavior observed in NF networks. For example, NF hydrogels are
more densely cross-linked [175], and continue to increase their
resistance to stresses greater than 200 Pa, compared to vimentin,
which ruptures at 50 Pa [152]. Prior to rupture, the NF backbone
seems to endure higher stresses without measureable compliance,
compared to vimentin. Given the similar architecture of NF and
type III backbones, this suggests that the NF tails may also affect
the enthalpic stretching of ﬁlaments [175]. Other noteworthy
determinants of network strain-stiffening include the single mole-
culemechanics the network’s subunits: ﬁlaments and their internal
constituents, e.g. dimers and tetramers. For example, AFM experi-
ments showed that single ﬁlaments may elongate up to 3.4-fold
the initial length [188,189]. However, the unusual extensibility is
attributed to the structured rod domain, and not the IDRs, as was
also concisely covered by a recent review on IF mechanics [190].
3.3. Intra-ﬁlament tail interactions
The short (2) nm distance between adjacent tails on the back-
bone circumference gives rise to intra-ﬁlament tail-to-tail interac-
tions. Furthermore, intra-ﬁlament tail-to-backbone interactions,
and internal interactions within the single tail, must also be taken
into account [133,134,170].
Intra-ﬁlament tail interactions are less studied and understood
compared to their inter-ﬁlament counterparts. Evidence of such
interactions is found on the single-ﬁlament level, where tail muta-
tions inﬂuence the diameter and density of the ﬁlament backbone,
causing tail and tailless mutants to produce wider polymorphic ﬁl-
aments [180,191]. The inﬂuence of the tail, and especially its ‘‘beta
site’’ motif in vimentin, on backbone diameter is still unclear [92].
It may be explained by tail repulsion preventing lateral aggregation
and ﬁlament bundling, or intra-ﬁlament tail-to-backbone interac-
tions. Although such repulsive forces were not directly observed,
they seem plausible, considering the fact that keratin tails are
known to interact with fragmented rod segments, as well as with
rods belonging to opposite ﬁlaments [103,178].
Intra-ﬁlament interactions were proposed to explain additional
properties of single ﬁlament NFs, such as a suggested
non-compliance at high stress [175], and an unconventional
increase in persistence length, with increasing salt concentrations
[192]. Recent advances in single molecule techniques hold the pro-
mise of providing new data on these elusive interactions, and their
manifestations in IFs [193].
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The IF system, comprising over 70 proteins in humans, presents
a diverse playground for studying the coupling between order and
intrinsic disorder. The homology between the ordered regions
highlights the dominant role of IDRs in inﬂuencing the proteins’
functions. As shown by sequence-based analysis, disorder is the
universal common denominator of the head and tail regions.
However, the two regions differ from one another in their solvent
accessibility, resulting in dissimilar conformations: a buried head
against a solvated tail. These divergent conformations agree with
their known structural roles: the head is directly involved in ﬁla-
ment formation, whereas the tail is engaged in interactions with
the ﬁlament surroundings.
Elaborate ﬁlament assembly experiments, particularly on
vimentin, have yielded a model of the internal interactions of the
head domain with the a-helical coils [194]. However, the external
organization of the tail is more complicated, since its bottlebrush
architecture allows for many different, co-existing conformations
and tail interactions, a hallmark of IDPs.
Several tail and head domains are predicted to have a
non-negligible ordered fraction (Fig. 4). Until recently, however,
the lamin tail was the only IF head or tail region known to contain
a structured sub-domain [33]. Analytical techniques such as
spin-labeling electron paramagnetic resonance that have recently
been applied to IFs, can provide experimental information on the
non-helical structural motifs of the IDRs [92,157,158]. Such motifs
may include anchoring binding sites of either a static [195] or a
dynamic nature [37,157,170], b-turns [92,93] and b-sheets
[172,195].
Hints of amino acid speciﬁcity in the disordered region are pro-
vided by experimental deviations from the mean ﬁeld and
coarse-grained polymer brush models, as well as from
sequence-based predictors and homologues. As exempliﬁed in
desminopathy, such speciﬁcity can be highly pathogenic [196]:
alterations of single, speciﬁc amino acids embedded in the disor-
dered region are structurally detrimental, illustrating that disorder
may not be equated with randomness. The progress made so far in
this area would suggest that future in vitro efforts will encompass
a larger subset of IFs, cytoskeletal components, and associated pro-
teins such as plectin, whose interactions with IFs may be mediated
by tail regions.
The established phenomenological relationship between dis-
ease and disorder, sometimes referred to as ‘‘D2’’ [85], brings us
to our last point. As mentioned, both the head and tail regions
are involved in multiple cellular pathologies, as a result of muta-
tions and PTMs [52]. In agreement, extensive in vitro experimenta-
tion revealed that certain mechanical properties unique to IFs are
directly related to their disordered regions. In order to capitalize
on our current physical understanding of IF IDRs achieved
in vitro, the gaps between the experimental tools, results and ter-
minology applied to in vivo and in vitro studies need to be bridged.
The growing implementation of in vitro techniques in in vivo sys-
tems (e.g., live-cell microrheology [162,197–201]), will be instru-
mental in presenting new challenges, and will hopefully yield
novel insights, in the not-too-distant future.
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